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Abstract 


Several  new  interhalogen  species  have  been  prepared  and  characterized 
by  matrix  isolation  methods.  Bromine  difluoride,  dibromine  fluoride,  and 
dibromine  difluoride  have  tentatively  been  identified  by  infrared  matrix 
isolation  spectroscopy.  These  species  were  formed  in  a nunfoer  of 
different  experiments  utilizing  both  UV-photolysis  and  microwave  discharge 
excitation. 

The  chlorine  and  bromine  hexafluoride  radicals  have  been  prepared  by 
gamma-radiolysis  of  approximately  five  mole  per  cent  of  the  precursor  molecule 
(chlorine  or  bromine  pentafluoride)  suspended  in  a sulfur  hexafluoride 
matrix  and  subsequently  characterized  by  electron  spin  resonance.  The 
previously  reported  chlorine  tetrafluoride  radical  has  also  been  formed  by 
the  same  technique  utilizing  chlorine  trifluoride  or  pentaf luoride/sulf ur 
hexafluoride  mixtures. 
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This  program  involved  low-temperature  synthesis  and  spectroscopic 
characterization  of  new  species  containing  fluorine  and  other  electronegative 
elements,  such  as  chlorine  and  other  halogens,  oxygen  and  nitrogen. 
Characterization  was  carried  out  by  Fourier  transform  infrared  spectroscopy 
and  electron  spin  resonance  using  matrix  isolation  techniques. 

Infrared  Studies 

The  major  thrust  of  our  low  temperature  matrix-isolation  infrared 

studies  consisted  of  attempts  to  prepare  and  stabilize  the  radical  Brl^ 

in  order  to  compare  its  bonding  and  structural  properties  with  other 

12  3 

known  "electron  rich"  radical  species.  Presently  CIF2  ’ and  Cl^F  are 

apparently  the  only  21  valence  electron  interhalogen  radicals  that  have  been 

at  least  partially  characterized  by  vibrational  spectroscopy.  Other 

4 5 

21  electron  radicals,  including  Cl^  and  Br^  , which  were  originally 

reported  to  be  formed  by  microwave  discharge  were  in  all  probability 

— 6 2 

the  ionic  species.  Based  on  the  recent  Raman  results  and  previous 

infrared  data''-,  the  ClF^  radical  appears  to  possess  an  intermediate  bond 

angle  of  'vl50°.  Such  bond  angles  are  apparently  unique  for  interhalogen 

species  since  the  bond  angles  for  most  of  these  molecules  are  very  near 

90°  or  180°.  Experimental  data  for  other  "electron  rich"  radical  species, 

such  as  btfpj  are  dearly  needed  for  a better  understanding  of  the  structure 

and  bonding  prevalent  in  such  molecules. 

A.  UV-Photolysis 

The  matrix  mixtures  were  deposited  on  a Csl  window  cooled  to  14 °K 
with  a Cryodyne  Model  350  closed-cycle  helium  refrigerator  adapted 
for  use  with  electronic  temperature  control  equipment.  Photolyses  of 
the  matrix  samples  were  carried  out  through  a quartz  window  on  the  cryostat 
assembly  with  radiation  emitted  from  a General  Electric  Model  BIl-6  high- 
pressure  mercury  arc  lamp  utilizing  two  filter  combinations.  Filter  I 
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consisted  of  an  11  cm  quartz  cell  filled  with  water  (transmits  ^200-900  nm) , 
while  Filter  II  consisted  of  the  water-filled  quartz  cell  plus  a Corning 
CS-7-54  glass  filter  (combination  transmits  ^280-420  nm) . Low-resolution 
spectra  were  scanned  with  a Perkin-Elmer  Model  337  spectrometer  while 
higher  resolution  spectra  were  obtained  with  a Digilab  Model  FTS-20  Fourier 
Transform  infrared  spectrometer. 

The  initial  approach  involved  attempts  to  synthesize  BrF2  by  photodetach- 
ment of  F atoms  from  the  parent  BrF^  molecule  isolated  in  an  Ar  matrix  via 
UV-photolysis . UV-photolysis  of  BrF^/Ar  mixtures  results  in  the  appearance 
of  a new  infrared  band  near  570  cm  ^ . The  increase  in  intensity  of  this 
weak  feature  on  thermal  cycling  from  14°  to  25°  to  14 °K  and  the  disappearance 
of  the  band  at  'v35°IC,  as  shown  in  Figure  1,  is  indicative  of  an  unstable 
species.  BrF^/Ar  matrix  samples  were  subjected  to  a variety  of  photolysis 
conditions  in  an  effort  to  optimize  the  yield  of  the  new  species.  However, 
with  the  current  photolysis  equipment  consisting  of  a high-pressure  mercury 
arc  source  and  a variety  of  glass  filters,  no  experimental  conditions 

were  found  which  sufficiently  enhanced  the  yield. 

1 2 

In  the  CIF^  work,  ’ the  poorest  radical  yields  resulted  from  the 
photodecomposition  of  CIF^  while  the  greatest  yields  came  from  the  photolysis 
of  C1F  and  F^  codeposited  in  a matrix  through  the  reaction  C1F  + F ->  CIF2. 

An  analogous  route  for  production  of  BrF2  from  the  photolysis  of  BrF  + F2 
is  much  more  difficult  to  carry  out  because  of  the  disproportionation 
equilibrium  3BrF  = B^  + BrF^.^  Several  experiments  were  carried  out  in 
which  the  above  equilibrium  mixture  diluted  in  Ar  was  codeposited  with 
an  l^/Ar  mixture  and  photolyzed.  Efforts  were  made  to  maximize  the  quantity 
of  BrF  and  at  the  same  time  minimize  interference  from  other  species. 

The  difficulty  encountered  by  this  approach  is  illustrated  in  Figure  2A 
which  represents  the  infrared  spectrum  of  the  codeposited  B^ ,BrF^ ,BrF/Ar 
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Figure  1. 

(a)  Infrared  spectrum  of  BrF^  isolated  in  Ar  (BrF^/Ar  mole  ratio 
^-1/2000,  17  mmoles  of  mixture  deposited) 

(b)  After  25  rain,  photolysis  with  Filter  II. 

(c)  After  thermal  cycling  (14 °K  to  25 °K  to  14 °K) . 

(d)  After  warming  to  33°K. 
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and  mixtures.  In  addition  to  the  BrF  band  at  660cm  ^ in  Figure  2A, 

there  are  numerous  other  bands  which  can  be  attributed  to  BrF^  and  perhaps 
other  species.  Although  the  complexity  of  this  system  appeared  to  be 
prohibitive,  photolysis  of  this  sample  was  carried  out  which  resulted 
in  the  appearance  of  three  new  doublets  at  569,567  cm  \ 561,563  cm  \ and 
556,554  cm  ^ as  indicated  in  Figure  2b . The  intensities  of  568  cm  ^ and 
555  cm  ^ bands  as  well  as  a band  at  527  cm  ^ were  enhanced  by  thermal 
cycling  (14°  to  25°  to  14°K)  as  illustrated  in  Figure  2C.  The  569,567 
cm  ^ doublet  apparently  corresponds  to  the  570  cm  ^ band  previously 
mentioned  in  the  photolysis  of  BrF^/Ar  matrix  mixtures.  The  significance 
of  the  556,554  cm  ^ doublet  and  the  band  at  527  cm  ^ will  be  discussed  in 
a later  section.  One  interesting  side-light  to  this  particular  set  of 
experiments  involved  the  observation  that  the  matrix  film  took  on  a blue 
tint  after  photolysis,  which  remained  even  after  the  sample  had  been  warmed 
to  the  temperature  where  the  vaporization  of  the  argon  occurs. 

B.  Microwave  Discharge 

A Raytheon  Microtherm  Model  CMD-10  microwave  diathermy  generator 
was  used  to  supply  a maximum  of  125  watts  of  microwave  energy  at  a wavelength 
of  12.2  cm.  The  microwave  energy  is  directed  by  means  of  a coaxial  cable 
to  an  F.venson-  type  cavity.  The  discharge  was  initiated  in  a Lucalox 
(high-purity  alumina)  tube  after  attaining  a steady  gas  flow  rate  in 
the  range  0.5  to  1.0  cc/min.  This  system  was  operated  at  approximately 
80%  full  power  with  the  variable  coupler  and  tuning  screw  adjusted  so  that 
a maximum  forward  to  reflected  power  ratio  was  achieved.  Gas  mixtures 
subjected  to  the  discharge  were  subsequently  deposited  on  a Csl  window 
cooled  to  14 °K  for  infrared  spectral  observation. 

This  approach  to  the  synthesis  of  Brt^  was  stimulated  by  a recent 
report  involving  the  synthesis  of  BrF  by  microwave  discharge  of  an 
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F^/Br^/Ar  mixture  utilized  in  a mass  spectrometric  kinetic  study.  This 
particular  approach  appeared  to  present  a method  for  producing  "purer"  BrF 
which  could  subsequently  be  deposited  at  low  temperatures  before 
disproportionation  could  occur.  Also  by  using  an  excess  amount  of  F^, 
additional  F atoms  formed  in  the  discharge  and  deposited  along  with  the  BrF 
could  yield  further  reaction  in  the  matrix  to  produce  BrF2 . 

The  initial  experiment  utilizing  this  particular  approach  consisted 
of  preparing  a 1:2:200  mixture  of  anc*  Passang  a portion  of  this 

mixture  through  a microwave  discharge.  This  method  was  complicated,  however, 
by  the  production  of  BrF^  and  BrF,-  in  addition  to  BrF  as  evidenced  by  the 
respective  infrared  bands  at  595cm  ^ , 635cm  ^ , and  660cm  ^ in  Figure  3A. 

Three  weak  features  at  527,  507,  and  475  cm  ^ in  Figure  3A  are  also  worth 
noting.  It  is  apparent,  after  examination  of  Figure  4 which  represents 
the  spectrum  of  a Yr^/Y^/hx:  mixture  not  subjected  to  the  discharge,  that 
the  three  features  just  mentioned  are  due  to  species  resulting  from  the 
discharge.  On  thermal  cycling  (14°  to  25°  to  14°  K)  the  intensity  of 
the  527  cm  ^ band  increases  slightly  (Figure  3B) . On  warming  to  30°  K the 
intensity  of  this  band  further  increases  while  that  of  the  507  cm  ^ band 
diminishes.  The  527  cm  ^ appears  to  correspond  to  the  band  previously 
mentioned  in  the  photolysis  experiment  exhibited  in  Figure  2.  On  further 
warming  the  527cm  ^ feature  disappears  indicating  that  it  is  due  to  an 
unstable  species,  as  is  also  the  507  cm  ^ band.  The  feature  at  475  cm  ^ 

i 

apparently  corresponds  to  a stable  species  as  its  intensity  remains 

unchanged  even  after  warming  to  50°  K.  The  intensity  behavior  resulting  i 

i 

from  the  various  warming  cycles  is  illustrated  in  Figures  3B-3E. 

I 

* 

In  determining  whether  the  F2  and  reacted  prior  to  the  discharge, 
a portion  of  the  Br„/F  /Ar  mixture  of  identical  concentration  was  deposited 

i 

in  the  absence  of  the  discharge.  The  infrared  spectrum  of  this  deposited 
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Figure  3. 

(A)  Infrared  spectrum  of  Br2/F2/Ar  mixture  passed  through  a microwave 
discharge  (Br 2/F Ar  ratio  vl/2  .5/425 , 10  mmoles  of  mixture 
deposited)  . 

(B)  After  thermal  cycling  (14 °K  to  25°K  to  14 °K) . 

(C)  After  warming  to  30  °K. 

(D)  After  warming  to  40 °K. 

(E)  After  warming  to  50 °K. 
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Figure  4. 

Infrared  spectrum  of  Br2/F2/Ar  mixture  not  subjected  to  microwave 
discharge  (Br2/F2/Ar  ratio  vL/2. 5/425,  10  mmoles  of  mixture  deposited). 
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mixture,  depicted  in  Figure  4,  indicates  that  there  is  a significant 
prereaction.  The  predominant  product  appears  to  be  BrF,.  along  with  a 
minor  amount  of  BrF.  Bands  due  to  BrF^  are  absent  indicating  that  it  is 
formed  in  the  discharge.  In  order  to  minimize  prereaction  of  F2  and  Br^, 
the  experiment  was  modified  so  that  the  two  reactants  mixed  separately  in 
Ar  were  brought  together  in  the  discharge  tube.  The  results  obtained 
utilizing  this  approach  differed  only  slightly  from  those  involving  the 
premixed  reactants.  The  primary  difference  appeared  in  the  observation  of 
an  additional  weak  feature  near  570cm  ^ on  warming  of  the  matrix  film. 

This  band  apparently  corresponds  to  that  observed  in  the  BrF^/Ar  photolysis 
experiments . 

The  results  from  both  the  UV-photolysis  and  microwave  discharge 

experiments  indicate  that  a number  of  new  Br-F  species  have  been  formed. 

/ 

Similar  results  have  recently  been  obtained  by  Professor  Andrews  group 

9 

at  the  University  of  Virginia.  One  experiment  at  Virginia  involved 
deposition  of  a ^r^/Y^/Kr  sample  from  a common  vessel  which  gives  a mixture 
of  Br^.F^jBrF  and  BrF^.  Photolysis  and  thermal  cycling  of  this  sample 
resulted  in  two  new  doublets  at  568,570  cm  ^ and  554,556  cm  ^ corresponding 
to  bands  that  we  had  previously  observed  in  our  UV-photolysis  work.  A 
second  experiment  by  Andrews'  group  consisted  of  codepositing  B^/Ar  and 
Y^/Kr  mixtures  from  separate  vessels  which  produced  no  BrF  or  BrF^.  Photolysis 
of  this  sample  produced  a very  strong  554,556  cm  ^ doublet,  a strong 
507  cm  ^ band,  ana  weak  BrF^  bands. 

Based  upon  our  present  joint  results^  tentative  assignments  for  a number 
of  the  new  bands  can  be  made.  The  570cm  ^ band  is  apparently  due  to  BrF2 
since  it  is  observed  only  in  presence  of  either  BrF  or  BrF^.  The  555  and 
507  cm  ^ bands  are  assigned  to  Br2F2  and  Br2F/ respectively^  in  a manner 
analogous  to  that  for  CI2F2  and  C1„F  in  the  photolysis  of  the  CI2+F2 
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system.  The  527  cm  and  475  cm  bands  observed  in  the  microwave 
discharge  work  presently  remain  unassigned.  Raman  experiments  by  Andrews' 
group  should  help  to  further  clarify  the  bromine-fluorine  system.  A list 
of  vibrational  frequencies  for  a number  of  Cl-F  and  Br-F  neutral  species 
is  given  in  Table  I for  comparison  purposes.  It  should  be  mentioned  that 
based  upon  frequency  comparisons  from  this  Table,  the  assignment  of  the 
570  cm  ^ feature  to  BrF2  is  somewhat  unexpected. 

C.  y - Radiolysis 

Another  area  of  infrared  work  has  involved  attempts  to  prepare  and 

characterize  radical  species  such  as  C1F. , C1F, , and  BrF, , by  y-radiolysis 

4 o o 

of  matrix  mixtures  similar  to  those  utilized  in  the  electron  spin  resonance 
work  (see  below).  In  order  to  carry  out  these  experiments,  a miniature 
liquid  nitrogen-cooled  cryostat  was  constructed  of  the  correct  dimensions 
to  fit  into  the  cavity  of  the  *^Co  y-source.  The  initial  experiments 


consisted  of  y-radiolyzing  thin  films  of  SF,  deposited  onto  a Csl  substrate 

o 

in  an  effort  to  r,iake  infrared  characterization  of  the  SFC  and  SF,  radicals 

5 6 

known  to  be  formed  from  esr  studies. ^ The  infrared  spectrum  of  the 

16 

SF,.  radical  has  recently  been  reported  by  Smardzewski  and  Fox  and, 

therefore,  provides  a good  check  of  the  feasibility  of  this  method. 

The  reported  SF,.  bands  are  812  and  552  cm  ^ which  are  in  areas  where 

thin  films  of  SF^  transmit  readily.  A number  of  experiments  involving 

a number  of  different  radiolysis  times  resulted  in  the  observation  of 

no  new  features  in  the  SF,  spectrum.  It  was  felt  that  if  SFC  or  SF, 

o bo 

could  not  be  characterized  by  this  method  that  there  was  little  chance 
of  observing  interhalogen  radicals  in  5 mole  % mixtures  and,  therefore,  these 
studies  were  suspended. 


A review  of  the  vibrational  spectra  of  the  main  group  binary  fluorides, 
which  is  to  be  submitted  for  publication,  has  been  included  in  this  report 
as  Appendix  I. 
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Table  1.  Vibrational  Frequencies  of  Neutral  Chlorine-Fluorine 
and  Bromine-Fluorine  Species'* 


Point  Group  Vibragional 
Symmetry  Mode0 


Cl-F 

Compound 


Frequency 

(cm-1) 


Br-F 

Compound 


Frequency 

(cm-1) 


2 

11 

C 

Cl-F 

Br-F 

coy 

v (E  )-vX-F 
e 

760 

660 

> 

o 

C1F  1,2 

BrF0 

v (A  )-vX-F  sym. 

500 

z 

— 

V2 (A; ) F-X-F 
v3  B2^-vX-F  asy,n- 

242 

578 

570c 

12 

12 

C2v 

C1F 

v (A  )-vX-F' 

754 

BrF3x 

672 

v^-vX-F  sym. 

523 

547 

v^(A:)-6F-X-F  i.p. 

328 

235 

v, (B  )-vX-F  asym. 

683 

597 

v^Bp-SF-X-F'  i.p. 

431 

347 

Vg(Bp-6F-X-F  o.p. 

332 

252 

— » 

-O 

„ „ 12,14 

C4v 

C1F  ’ 

Vl(Al)-vX-F' 

722 

BrF5 

681 

V2^AP-vX-F  sym* 

v (A  )-6F~X-F  sym. o.p. 

539 

582 

493 

366 

v (B  )-vX-F  asym. 

V^(B  )-6F-X-F  asym. o.p. 

480d 

346d 

535d 

281d 

v (B  )-6F-X-F  asym. i.p. 

375  1 

312d 

v^(E)-vX-F  asym. 

726 

636 

vl (E) -6F-X-F' 
Vg(E)-6F-X-F  asym. i.p. 

482 

415 

299 

240 

Cs(!) 

3 

C1„FJ 

v X-F 

536 

Br2F 

507C 

v X-X 

302 

— 

C2v(?) 

Cl  F 3 

v F-X-F 

638 

Br2F2 

556c 

v X-X 

462 

C2v<?> 

„ C12F33 

559 

Br2F3 

v F-X-F 

Frequencies  were  obtained  from  matrix-isolation  work. 

bv  represents  stretching,  6 represents  bending,  unique  fluorine  atom  indicated  by 
F'  in  XF^  and  XF^  compounds;  i.p.  - in  plane;  o.p.  - out-of-plane. 

c 

Tentative  assignments. 

^Frequencies  from  gas  phase  Raman  work,  ref.  (14). 

0 

Calculated  frequency  from  ref.  (14). 
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ESR  Studies 

Electron  spin  resonance  studies  were  performed  in  an  effort  to 

characterize  new  fluorine-containing  radicals.  The  approach  that  was 

utilized  in  much  of  this  work  (conducted  in  collaboration  with  Professor 

T.  Ffrancon  Williams  and  his  group) , involved  y-irradiation  of  a mixture 

of  the  precursor  interhalogen  suspended  in  a suitable  solid  matrix,  such 

as  SFg . The  procedure  consisted  of  preparing  a gaseous  mixture  of  the 

appropriate  interhalogen  and  matrix  gas  (optimum  concentration  of  interhalogen 

'vS  mole%)  in  a well  passivated  stainless  steel  vacuum  line.  A small 

fraction  of  the  mixture  was  condensed  into  either  Suprasil  quartz  or 

FEP  Teflon  tubes  and  sealed  off  for  subsequent  y-radiolysis  at  77°K  utilizing 

a *^Co  source.  The  esr  spectrum  was  then  recorded  using  the  Varian  Model 

4502  ESR  spectrometer  at  a temperature  that  yields  good  isotropic  spectra 

while  at  the  same  time  maintaining  radical  lifetimes  sufficient  for  observation 

(for  SF^  this  temperature  is  vl05oK). 

This  approach  has  proven  to  be  successful  in  the  preparation  of 

1 7 18 

the  previously  unreported  interhalogen  radicals,  ClF^  and  BrF^  (For 

details  see  Appendices  II  and  III) . The  CIF^  radical  which  was  previously 

19 

reported  by  Preston  and  Morton  is  also  readily  prepared  by  this  method. 

The  net  reaction  by  which  most  of  the  interhalogen  radicals  are  formed 

utilizing  this  technique  appears  to  involve  fluorine  atom  addition  from 

the  matrix  material  to  the  appropriate  interhalogen  compound.  A variety 

of  matrix  materials,  including  SF, , SiF.  , MoF.. , WF, , SeF,  and  Xe,  have  been 

b 4 b o b 

examined  in  order  to  determine  their  ability  to  form  and  stabilize  radical 
species.  SF^  was  found  to  be  the  most  versatile  matrix  material  as  the 
summarized  esr  data  in  Table  II  illustrate.  It  is  interesting  to  note 
that  the  ClF^  radical  is  formed  with  unusual  ease  by  this  technique  and 
also  that  this  method  is  considerably  "cleaner"  than  the  approach  used 
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19 

by  Morton  and  Preston  to  produce  CIF^.  A radical  originally  thought 
to  be  SiFj.  formed  in  the  yradiolysis  of  ClF^/SiF^  mixtures  proved  to 
be  a small  quantity  of  ClF^.  The  failure  of  such  radicals  as  CIF2,  BrF^, 
and  IF^  to  be  formed  on  y-radiolysis  of  C^/SF^,  BrF^/SF^,  and  IF^/SF^ 
mixtures,  respectively,  remains  a mystery.  The  size  of  the  matrix  trapping 
sites  may  play  a major  role  in  the  success  of  this  particular  method. 

One  problem  which  manifested  itself  from  the  onset  of  this  work 
was  the  reaction  of  various  interhalogen  materials  with  the  metal  to  glass 
seals  used  in  attaching  the  quartz  tubes  to  the  metal  vacuum  line  prior 
to  the  samples  being  sealed  off.  This  problem  wTas  largely  overcome 
through  the  use  of  FEP  Teflon  which  has  proven  to  be  an  excellent  non- 
reactive containment  material.  The  FEP  Teflon  tubes  (1/8"  o.d.)  are 
attached  to  the  vacuum  line  with  standard  Swagelok  fittings  and  can  be 
sealed  readily  with  a "soft"  flame.  The  Teflon  also  appears  to  be  superior 
to  the  quartz  as  a containment  material  for  the  more  reactive  interhalogens, 
such  as  CIF^O. 


✓ 
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Table  II.  Summary  of  ESR  Studies 


Compound 

Matrix 

b c 

Radicals  Formed  ’ 

C12 

SF6 

X 

C1F 

SF6 

X 

C1F 

Xe 

X 

C1F 

SiF4 

X 

C1F. 

SF, 

C1F, 

3 

6 

4 

C1F3 

SiF. 

C1F . 

C1F3  h 

cif3 

X 

ClF30d’e 

SF6 

C1F. 

cif5 

». 

C1F. ,C1F, 
4 o 

cif3 

Xe 

X 

cif5 

C1F 

X 

Br2 

A 

». 

X 

BrF^ 

SF6 

X 

BrF3 

Xe 

X 

BrF5 

SF6 

BrF, 

BrF5 

Xe 

X 

BrI 

d 

SF6 

X 

IF5 

SF6 

X 

IF5 

Xe 

X 

", 

SeF. 

6 

X 

MoF, 

o 

X 

SiF 

», 

X 

SF6 

X 

SiF^ 

SiF. 

4 

X 

SiF4 

Xe 

X 

XeOF. 

SF6 

X 

»4 

»* 

X 

SF4 

SF6 

X 

nf3 

SF6 

X 

M°F 

MoF 

X 

WF,d 

». 

X 

SF6 

X 

WF6 

WF. 

6 

X 

aAJLl  mixtures  were  ^5  mole  % and  were  prepared  in  Suprasil  quartz  tubes. 
^The  radicals  SF5  and  SFg  were  observed  in  mixtures  containing  SFg. 

c 

X denotes  no  new  radicals  were  formed. 

^Mixtures  also  prepared  in  FEP  Teflon  tubes. 


Infrared  analysis  of  ClF30  showed  major  contamination  by  ClFa  and  poor  agreement 
with  the  published  spectrum  of  ClFjO. 

• vt.  - r~ ---»•■ 
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VIBRATIONAL  SPECTRA  OF  THE  BINARY  FLUORIDES 
OF  THE  MAIN  GROUP  ELEMENTS  - A REVIEW 


Appendix  I 


N.R.  Smyrl  and  Gleb  Mamantov 
Department  of  Chemistry 
University  of  Tennessee 
Knoxville,  Tennessee  37916 

Abstract . The  results  of  vibrational  spectroscopic  studies 
on  the  fluorides  of  the  main  group  elements  are  summarized 
in  this  review.  Emphasis  is  placed  on  results  obtained  by 
matrix  isolation.  The  trends  in  the  periodic  table  are 
noted . 


Vibrational  spectroscopy  is  an  important  tool  for  the  characterization 


of  various  chemical  species.  Valuable  information  regarding  molecular 
structures  as  well  as  intra-  and  in termolecular  forces  can  be  extracted 
from  vibrational  spectral  data.  Recent  advances,  such  as  the  introduction 
of  laser  sources  to  Raman  spectroscopy,  the  commercial  availability  of 
Fourier  transform  infrared  spectrometers,  and  the  continuing  development 
and  application  of  the  matrix-isolation  technique  to  a variety  of  chemical 
systems,  have  greatly  enhanced  the  utility  of  vibrational  spectroscopy  to 
chemists . 

Inorganic  fluorine  compounds  are  of  considerable  interest  and 
importance  not  only  because  fluorides  of  nearly  all  known  elements,  including 
some  of  the  rare  gases,  have  been  synthesized,  but  because  a number  of  these 
compounds  are  quite  different  from  other  halides.  Consider,  for  example, 
the  compounds  SF^,  and  SF^  and  their  chloro  analogs.  SF^  is  chemically  a 
very  inert  and  a very  stable  compound  while  SF^,  also  quite  stable,  is  quite 
reactive.  The  corresponding  tetrachloride  molecule  is  stable  only  at  low 
temperatures  while  the  hexachloride  molecule  is  nonexistent. 

Many  fluorides,  particularly  the  interhalogens,  arc  very  reactive  and 
require  special  handling  techniques.  Matrix  isolation  has  proven  to  be  a 
very  useful  technique  in  the  study  of  inorganic  fluorides;  it  is  particularly 
useful  in  the  study  of  very  reactive  species,  such  as  the  free  radicals  and 
high-temperature  vapor  species.  Such  molecules  can  be  stabilized  in  a 
low-temperature  matrix  environment  which  effectively  prevents  reaction  with 
cell  and  window  materials.  Since  the  molecules  are  effectively  isolated 
from  each  other,  problems  involving  molecular  association  are  minimized. 

There  is  generally  a good  correlation  between  matrix  and  gas  phase  spectral 
data  except  In  cases  where  strong  interaction  between  the  matrix  material 
and  the  isolated  molecule  exists.  Narrow  bandwidths  are  a characteristic 
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feature  of  matrix  spectra  making  it  frequently  possible  to  obtain 
structural  information  from  bands  involving  different  isotopes.  Matrix- 
isolation  data  will  be  utilized,  wherever  possible,  throughout  this  paper. 

In  this  review  we  summarize  and  attempt  to  correlate  vibrational 
speccral  data  amassed  from  the  literature  for  the  main  group  inorganic 
binary  fluorides.  In  addition,  a brief  review  of  the  matrix-isolation 
studies  of  both  reactive  intermediates  and  high-temperature  fluoride  vapor 
species  is  included,  placing  particular  emphasis  on  the  interhalogen  molecules. 

A.  Inorganic  Binary  Fluorides 

In  this  section  available,  vibrational  data  for  the  main  group  binary 
fluorides  will  be  reviewed  in  an  attempt  to  establish  trends  in  both 
structures  and  bond  stretching  force  constants.  The  review  is  restricted 
primarily  to  molecular  entities  which  were  observed  either  in  the  gas 
phase  or  in  inert  matrices.  The  emphasis  on  the  matrix  data  in  this  review 
is  in  contrast  with  the  more  general  approach  taken  by  Reynolds  in  an 
earlier  review  of  the  vibrational  spectra  of  inorganic  fluorides  (1) . 

Vibrational  spectra,  besides  being  utilized  to  establish  molecular 
structures,  can  be  used  in  the  evaluation  of  molecular  force  constants. 
Considerable  effort  has  been  expended  to  relate  bond  stretching  force 
constants  to  bond  order.  Although  no  specific  theoretical  model  has  been 
found  that  will  cover  all  types  of  chemical  bonds,  there  exists  a qualitative 
relationship  between  bond  stretching  force  constants  and  bond  orders  which 
permits  a comparison  of  bond  strengths  for  molecules  such  as  the  binary 
fluorides.  In  making  such  a comparison,  a consistent  force  field  model 
must  be  adhered  to.  The  General  Valence  Force  Field  (GVFF)  or  an  approximation 
of  this  field  generally  referred  to  as  the  Modified  Valence  Force  Field 
(MVFF)  arc  the  potential  models  which  have  become  increasingly  popular 
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with  chemists.  Valence  force  constants  normally  exhibit  good  transferability 
between  molecules  possessing  similar  types  of  bonds.  Valence  stretching 
force  constants  further  bear  a close  relationship  to  the  chemical  bonding 
forces.  Force  constants  utilizing  the  valence  force  field  were,  therefore, 
chosen  for  comparison  in  this  paper  for  the  reasons  just  mentioned  and 
because  of  the  wealth  of  data  available  in  the  literature.  Although  a 
unique  set  of  force  constants  rarely  exists  for  a given  polyatomic  molecule, 
one  preferred  set  can  normally  be  chosen  on  a physical  basis.  Relating 
stretching  force  constants  to  bond  energies  should  be  treated  with  caution, 
particularly  for  molecules  exhibiting  a large  percentage  of  ionic  bonding, 
since  the  magnitude  of  the  force  constant  is  primarily  a reflection  of  only 
the  covalent  character  of  a particular  bond. 

Table  I lists  the  symmetry  point  groups  and  X-F  stretching  force  constants 
for  those  main  group  binary  fluorides  for  which  the.  oxidation  state  of  the 
element  combined  with  fluorine  corresponds  to  the  group  number.  In  Tables 
IT. -VI  vibrational  spectral  data,  (using  matrix  isolation  results  if  available) 
including  the  X-F  stretching  force  constants,  are  presented  for  the  main 
group  binary  fluorides  having  formulas  ranging  from  XF  to  XF,. , respectively. 

Two  force  constant  trends  are  apparent.  First,  the  force  constants  decrease 
in  magnitude  from  top  to  bottom  for  a given  group  in  each  of  these  tables 
with  certain  exceptions  noted  below.  For  molecules  which  possess  both 
equatorial  and  axial  X-F  bonds,  the  axial  stretching  force  constant  exhibits 
the  top  to  bottom  trend  opposite  to  that  previously  mentioned.  Going  from 
left  to  right  the  force  constants  in  the  periodic  table  first  increase 
reaching  a maximum  in  a given  period  somewhere  in  the  vicinity  of  the 
transition  point  from  metal  to  nonmetal;  this  is  followed  by  a decrease  in 
the  force  constant.  These  force  constant  trends  are  much  more  apparent 
for  Tables  I-III  where  a more  complete  set  of  data  is  available. 


From  the  data  presented  in  Tables  I-VI , it  appears  that  a particular 
structure  is  maintained  for  molecules  of  the  same  formula  and  within  a 
given  group  witli  the  exception  of  BCF2  and  Mg?2  which  are  linear  while  the 
remaining  members  of  that  group  have,  bent  (C2V)  structures.  The  vibrational 
data  for  the  diatomic  fluorides  presented  in  Table  II  are  taken  from  gas  phase 
electronic  and  matrix-isolation  spectral  studies;  both  sets  of  data  are 
available  for  a number  of  the  diatomic  molecules  in  this  Table.  The  gas 
phase  frequencies  have  all  been  corrected  for  anharmonicity  except  in  the 
case  of  fluorine,  this  is  apparently  the  reason  for  its  force  constant 
being  lower  than  that  for  ClF.  If  the  matrix  data  for  the  diatomic  molecules 
of  Group  VIIA  are  examined,  however,  the  expected  top  to  bottom  trend 
is  observed.  The  apparent  reversal  in  the  magnitudes  of  the  gas  phase  and 
matrix  frequencies  for  MgF  is  a rather  unusual  occurrence  which  is  also 
worth  noting. 

In  Table  III  there  are  several  points  worthy  of  note.  For  both 
Groups  VA  and  VIIIA  there  appear  to  be  deviations  from  the  apparent  normal 
top  to  bottom  trend  with  PF2  and  Xep2  having  slightly  larger  force  constants 
than  N?2  and  KrF2 , respectively.  All  molecules  in  Table  Til  have  bent 
(C2v)  structures  with  the  exception  of  KrF2  and  Xep2  which  are  linear  (D^)  as 
are  BeF2  and  Mgp2 , as  previously  noted,  and  the  MF  molecules  of  Group  IA  which 
are  apparently  triangular  (^2V^  • F°r  t^ie  series  °f  molecules,  CF2, 
and  OI'^,  the  mode  is  observed  to  have  a higher  frequency  than  that  for 
the  mode  which  is  an  apparent  deviation  from  normal  trends.  This  behavior 
may  be  a result  of  dynamic  effects  due  to  the  similarity  in  the  masses  of 
the  various  atoms  making  up  this  series  of  triatomic  molecules  (2) . The 
assignment  of  the  mode  to  a higher  frequency  value  than  has  been  made  for 
a number  of  other  molecules  in  this  Table.  In  some  cases,  however,  these 
assignments  are  subject  to  some  uncertainty.  Raman  data,  which  could  be 
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utilized  to  clarify  such  situations,  are  largely  unavailable  for  molecules 
in  Table  III  since  the  majority  of  the  data  come  from  infrared  matrix-isolation 
studies . 

In  Table  IV  NF^  appears  to  be  an  exception  as  its  stretching  force  constant 
is  lower  than  that  for  PF^.  It  should  be  noted  also  that  the  force  constants 
for  CF^  and  SiF^  are  very  nearly  the  same.  The  XF^  compounds  of  group  VIIA 
possess  two  equivalent  axial  X-F  bonds  and  one  equatorial  or  unique  bond. 

The  equatorial  type  bonds  arc  stronger  than  the  axial  bonds  for  all  molecules 
in  Tables  IV-VI  which  exhibit  bonding  of  this  typo  with  the  exception  of 
the  XF^  molecules  of  Group  VITA.  The  range  of  point  group  symmetry  for  the 
molecules  in  Table  111  is  for  Group  I1IA,  C^v  for  Groups  IVA  and  VA, 

for  Group  VIA,  and  C2v  for  Group  VIIA.  The  frequency  data  for  Group  VA 
indicate  that  is  greater  than  for  each  member  of  that  series. 

Vibrational  data  for  the  main  group  binary  fluorides  with  the  formula 
XF^  are  restricted  to  compounds  of  Groups  IVA,  VIA,  and  VIT.IA  as  ex- 
emplified in  Table.  V.  Molecules  of  Group  VIA  possess  two  axial  and 
two  equatorial  X-F  bonds.  The  range  of  point  group  symmetry  for  the  molecules 
in  Table  V is  T^  for  Group  IVA,  C^v  for  Group  VIA,  and  for  Group  VIIIA. 

The  XF^  molecules  of  Group  VIIA  possess  symmetry  and  have  four 
equivalent  equatorial  X-F  bonds  and  one  unique  axial  bond  as  indicated  in 
Table  VI.  The  equatorial  stretching  force  constant  exhibits  the  reverse 
of  the  normal  top  to  bottom  trend  previously  noted  for  bonds  of  this  type. 

The  XF^  molecules  of  Group  VA  have  D symmetry.  It  appears  appropriate 
at  this  point  to  present  a brief  discussion  of  SbF^,  since  there  has  been 
considerable  uncertainty  in  the  interpretation  of  the  vibrational  spectra 
and  the  assignment  of  a structure  to  the  monomer.  A recent  report  involving 
a temperature  dependent  study  of  the.  Raman  gas  phase  spectrum  of  SbF,.  (3) 
indicates  that  previous  vibrational  assignments  were  apparently  in  error.  This 
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study  shows  that  SbF^  is  strongly  associated  in  the  gas  phase  even  at  temperatures 

as  high  as  250°C.  The  association  apparently  occurs  through  bonds  involving 

cis-fluorine  bridging.  An  assignment  of  a structure  to  the  monomer  for 

SbF,.  from  a previous  matrix-isolation  study  (A)  appears  to  be  negated, 

since  the  experimental  conditions  which  were  utilized  could  not  preclude 

the  predominance  of  the  associated  species.  The  force  constants  presented 

in  Table  VI  for  Sbl\.  are  based  upon  an  incorrect  vibrational  assignment. 

It  would  appear,  however,  that  a corrected  assignment  might  produce  very 
little  effect  on  magnitudes  of  these  reported  stretching  force  constants, 
and  so  the}  arc  included  for  comparison. 

Vibrational  data  for  various  isoelectronic  binary  fluorides  with  the 

formula  XI'  are  listed  in  Table  VII.  For  the  first  series  in  the  upper 

left  of  this  table,  the  force  constant  increases  in  going  from  BF^  to  CF^ 

and  then  decreases  slightly  for  Nl’^+.  It  would  appear  that  the  next  series 

beginning  with  AlF^  would  follow  a similar  trend  except  data  for  PF^+ 

are  unavailable.  The  fluorides  of  these  two  series  all  have  T,  symmetry. 

d 

Very  little  can  be  said  in  regard  to  the  three  series  in  the  lower  right 
section  of  the  Table  since  the  data  are  largely  incomplete.  The  symmetry, 
however,  for  the  various  species  in  these  series  is  . 

Vibrational  data  are  presented  in  Table  VIII  for  various  isoelectronic 
series  of  the  formula  XF^.  All  the  species  in  the  Table  possess  0^  symmetry. 

The  left  to  right  horizontal  force  constant  trends  are  similai  for  each  of 
these,  series,  as  the  magnitudes  are  observed  to  increase  to  Group  VIA  and  then 
decrease  slightly  for  Group  VIIA.  The  exception  to  this  particular  trend 
occurs  in  the  lower  scries  which  increases  continuously  from  left  to  right. 

There  is  a general  decrease  in  the  force  constants  in  going  from  top  to 
bottom  for  all  groups  in  this  table  with  the  exception  of  VIIA  which  exhibits 
the  reverse  trend. 
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In  the  compilation  of  force  constant  data  for  the  inorganic  binary 
fluorides,  it  would  be  of  interest  to  examine  how  bonding  of  additional 
atoms  such  as  oxygen  might  affect  the  bond  strengths  of  selected  X-F  bonds. 
Vibrational  data  have  been  compiled  in  Table  IX  for  HF,  ClF,  NF^,  and  ClF^ 
along  with  various  oxygenated  forms  of  these  compounds  to  illustrate  this 
effect.  The  N-F  and  Cl-F  stretching  force  constants  are  observed  to  be 
reduced  to  approximately  one  half  of  their  original  values  in  going  from  1IF 
to  FNO  and  from  ClF  to  FC10,  respectively.  Further  addition  of  oxygen  atoms 
in  both  series  appears  to  have  little  effect  on  the.  corresponding  X-F 
stretching  force  constants,  except  for  an  eventual  slight  increase  over 
the  value  for  the  mono-oxygenated  species.  The  N-F  stretching  force  constant 
is  essentially  unaffected  in  going  from  NF^  to  NF^O  while  the  Cl-F  force 
constants  are.  mildly  reduced  from  ClF^  to  CIF^O.  The  force  constant  for 
the  unique  bond  of  ClF^O  exhibits  a much  larger  reduction  than  that  for 
the  axial  bonds.  On  addition  of  a second  oxygen  atom  to  yield  the  molecule 
CIF^O^,  both  unique  and  axial  force  constants  increase  over  t he  values 
for  CIF.^O,  with  l atter  force  constant  having  a value  equal  to  that  of  ClF^ . 

Of  interest  is  also  the  effect  additional  electrons  have  on  the 

structures  and  stretching  force  constants  for  a given  fluoride  series 

having  the  same  molecular  formula.  This  effect  is  illustrated  in  Table  X 

for  the  Clp2+,  Cll^,  and  CIF2  series.  The  structures  range  from  bent 

(C^)  for  ClF2+  and  CIF2  with  bond  angles  of  100°  and  ^150°,  respectively, 

to  linear  (I)  . ) for  C1F„  . The  stretching  force  constants  for  C1F„  and 
<\>h  2 0 2 

Cll’2  are  2.48  and  2.35  mdyn/X,  respectively,  which  is  approximately  half 
the  value  for  that  of  C1F2^  and  indicates  that  the  additional  electrons  for 
Cll?2  end  CIF2  are  largely  antibonding.  A more,  complete  discussion  of  C1F0 
will  be  made  in  the  following  section. 

In  concluding  this  section  a list  of  other  main  group  binary  fluorides 
for  which  there,  are  either  complete  or  partial  vibrational  data  available 
is  presented  in  Table  XT. 


B . Matrix-Isolation  Studies  of  Transient  Inorganic  Binary  Fluoride  Spec  i c 

The  area  in  which  matrix  isolation  is  perhaps  of  greatest  value 
is  the  stabilization  of  transient  species  such  as  free  radicals  and  high 
temperature  vapors.  Until  quite  recently  infrared  spectroscopy  was  utilized 
almost  exclusively  for  the  vibrational  studies  of  matrix-isolated  species. 
With  the  introduction  of  laser  sources  and  the  development  of  more  sensitive 
electronic  light  detection  systems,  Raman  matrix-isolation  studies  are 
now  feasible  and  have  recently  been  applied  to  a limited  number  of  unstable- 
inorganic  fluoride  species  including  the  molecules  OF  (5)  and  CIF^  (6) . 

Both  of  these  species  were  formed  for  Raman  stud}'  by  a novel  technique 
which  utilizes  the  4880  X output  from  an  Ar  ion  laser  as  both  the  photolysis 
source  and  the  Raman  excitation  source.  The  examples  of  CIF^  (6),  Cel'^ 

(7),  and  MgF^  (8)  illustrate  the  complementary  data  that  Raman  matrix- 
isolation  spectroscopy  can  provide.  Other  binary  fluoride  molecules  for 
which  Raman  matrix  data  is  available  include  OF^  (5),  Mi’^  and  MF^(Il=alkali 
metals)  (9,10),  S2p^  (11),  Krl^  ar>d  (5),  with  the  latter  two  molecules 

having  been  formed  by  the  same  laser  photolysis  method  as  previously 
mentioned.  Raman  matrix-isolation  spectroscopy  has  recently  been  reviewed 
by  Ozin  (12),  and  although  merely  in  the  early  stages  of  development, 
it  is  anticipated  that  this  area  will  continue  to  grow  and  become  a valuable 
counterpart  to  the  infrared  technique. 

This  section  represents  a brief  review  of  matrix- isolation  studies 
of  the  main  group  binary  fluoride  free  radicals  and  high- temperature  vapor 
species.  A discussion  of  the  halogen  fluoride  molecules  will  be  stressed 
since  this  is  an  area  of  considerable  interest  to  our  laboratory.  A list 
of  main  group  binary  fluorides  which  have  been  characterized  by  matrix- 
isolation  appears  in  Table  XII.  It  is  apparent  from  this  Table  that  there 
are  large  gaps  in  the  existing  data  for  such  species  as  the  halogen  fluoride 
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radicals  which  must  be  filled  in  order  to  gain  u better  understanding 
of  the  structural  properties  and  bonding  which  are  characteristic  of  these 
systems.  Presently  ClFn  and  Cl^F  are  the  only  halogen  fluoride  radicals 
for  which  vibrational  data  have  been  published.  The  ClF^.  (13,14),  C] 

(14,15),  Brl^  (15,16),  and  1F^  (15)  radicals  have  recently  been  prepared 
by  y-radiolysis  and  characterized  by  csr  although  no  vibrational  spectroscopic 
data  are  available.  Other  interhalogen  radicals,  Cl^  and  Br^,  which  were 
reportedly  formed  by  microwave  discharge  (17,18)  may  in  fact  be  the  ionic 
species  (19)  . 

The  ClF^  radical  is  of  sufficient  chemical  significance  to  merit  a 

brief  discussion.  This  particular  radical  is  an  interesting  species  due  to 

the  fact  that  it  possesses  21  valence  electrons  and  appears  to  have  an 

intermediate  bond  angle  of  nl50°.  Such  a bond  angle  is  apparently  unique 

for  interhalogen  species  since  the  bond  angles  for  most  of  these  molecules 

are  very  near  90°  or  1S0°.  The  ClF,,  radical  was  first  prepared  in  our 

laboratory  through  the  matrix  reaction  ClF  + F ->  Cll'^  (20)  . This  reaction 

was  initiated  by  production  of  F-atoms  through  in  situ  u.v.  photolysis 

of  molecular  fluorine.  From  the  infrared  data  the  three  vibrational  fundamentals 

35  37 

were  assigned.  On  this  basis  and  on  the  basis  of  Cl,  Cl  isotopic  shift 
data  for  v^,  CIJ^  was  assigned  a bent  (C.;  ) structure  with  a bond  angle 
of  vL35°.  Very  recently,  however,  Andrews'  group  (6)  has  repeated  the 
infrared  work  and  in  addition  has  successfully  prepared  CIF2  by  the  laser 
photolysis  technique  for  Raman  study.  Bases  upon  the  new  Raman  data,  the 
mode  was  reassigned  from  a value  of  536  cm  ^ to  that  of  500  ent  \ It 
appears  that  the  principle  of  mutual  exclusion  holds  for  the  ClF^  radical 
which  is  indicative  of  a linear  triatomic  species,  but  as  Andrews  points 
out,  mutual  exclusion  is  valid  only  within  the  limits  of  detectability, 
which  may  be  a problem  for  weakly  active  modes  in  dilute  matrices.  In  a 
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reassessment  of  the  data,  Andrews  favors  a slightly  bent  structure  with 
a bond  angle  of  ''■■150°. 

Recently  we  have  completed  (in  collaboration  with  E.  S.  Prochaska  and 
L.  Andrews  of  the  University  of  Virginia)  a matrix  isolation  study  of  the 
bromine-fluorine  system  (21).  Evidence  for  the  formation  of  15^2,  Br,,F, 
and  was  obtained.  These  experiments  involved  UV-photolysis  of  matrix 

mixtures,  including  BrF^  in  Ar,  equilibrium  mixtures  of  BrF,  BrF,^,  and  Br,; 
in  Ar,  alone  and  codcpositcd  with  F^  in  Ar,  and  in  Ar  and  F2  in  Ar 

deposited  from  separate  manifolds.  Also  microwave  discharge  experiments  were 
done  with  samples  of  Ar/B^  and  Ar/p2  mixed  before  and  during  discharge. 

The  microwave  experiments  were  stimulated  by  a recent  mass  spectrometric 
kinetic  study  (22)  which  appeared  to  present  a method  producing  BrF  in  a much 
purer  form.  The  data  for  Brp2  are.  of  considerable  interest  for  the  purposes 
of  comparison  with  CIF2.  A doublet  near  569  cm  with  a 2.2  cm  ^ isotopic- 
splitting  was  attributed  to  Bi^,  and  a calculation  of  152°  + 8B  for  the 
lower  limit  of  the  F-Br-F  valence  angle  strongly  indicates  that,  like 
CIF2,  Brl^  is  also  obtusely  bent.  Bands  observed  at  555  and  507  cm 
were  attributed  to  arit*  respectively,  based  upon  photolysis 

behavior  similar  to  their  chlorine  analogs. 

Vibrational  data  for  Lhe  majority  of  the  molecules  in  Table  XII  were 
presented  in  the.  first  section  and  these  species  will  not  be  discussed 
further . 

Acknowledgement . We  would  like  to  acknowledge  the  support  of  the  Army 
Research  Office  and  The  Air  Force  Office,  of  Scientific  Research. 
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Table  II.  Vibrational  Data  for  Main  Group  Binary  Fluorides  With  Formula  XF 
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Table  IV.  Vibrational  Data  For  Main  Group  Binary  Fluorides  With  Formula 
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Table  VI.  Vibrational  Data  For  the  Main  Group  Binary  Fluorides  With  For: 
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The  Chlorine  Hexafluoride  Radical.  Preparation, 

Flcctron  Spin  Resonance  Spectrum,  and  Structure1 

Sir. 

Chlorine  hexafluoride  is  the  only  unrcported  molecule  of 
the  series  CIF„  (//  = I (>)  to  date.  This  hypercaleiil  radical 
possesses  one  electron  more  than  N!’t.  and  one  valence  elec- 
tro!) less  than  Xcl  y,  so  that  tile  unpaired  electron  is  expect- 
ed to  occupy  the  a * i orbital  in  Oi,  symmetry  Since  the 
a*ij.  orbital  is  thought  to  play  a pivotal  role  in  the  unusual 
structural  dynamics  of  Xcl , * it  is  ot  interest  to  ascertain 
the  composition  of  this  antibondinp.  orbital  in  related  radi- 
cals bv  I SR  studies,  We  now  wish  to  report  the  preparation 
and  FSR  identification  of  the  Cl  I ,.  ladical. 

The  title  radical  was  generated  by  y radiolysis  of  Sly, 
containing  5 mol  °«.  of  Cl  I , at  -196°.  I essenden  and  Schu- 
ler' have  described  the  use  ol  solid  SI * as  a suitable  matrix 
for  the  observation  of  isotropic  I SR  spectra  during  in  situ 
irradiation/  Similarly,  we  find  that  isotropic  spectra  are 
observed  for  radicals  which  arc  sufficiently  long-lived  to  be 
detected  in  a y -irradiated  SI  ,,  matrix  at  —165°. 

In  t he  spectrum  show  n in  I igurc  1 . the  outer  lines  consist 
predominantly  of  two  separate  I :f>: i 5:20: 1 5:6:1  septets  at 
low  field  together  with  a ■ orresponding  septet  at  high  field. 
Allowing  for  the  effect  of  radical  decay  during  the  sweep 
from  low  to  high  field,  these  three  septets  aic  ol  comparable 
intensity.  According  , the  pattern  is  interpreted  as  a 1:1:1: 
I quartet  of  binomial  septets,  the  missing  septet  being, 
masked  by  the  more  intense  lints  from  SI  >'  and  CIFa8  in 
the  center  of  the  spectrum.  The  septet  substructure  is  at- 
tributed to  hyperfmc  interaction  w ith  six  equivalent  fluorine 
(/  = i/,)  nuclei  while  the  quartet  splitting  originates  from 
coupling  to  one  3SCI  (/  = %)  nucleus.9  This  interpretation  is 
verified  by  the  observation  of  the  outer  components  from 
the  weaker  spectrum  of  the  "Cl  (/  = %)  radical,  as  indicat- 
ed in  Figure  1 . 

Because  of  the  large  hyperfinc  interactions,  the  l-SR  pa- 
rameters were  calculated  by  including  terms  up  to  fourth 
order  in  the  solution  of  the  isotropic  F.SR  spin  Hamilto- 


nian.10 These  values  were  then  refined  until  forward  calcu- 
lations by  means  of  an  accurate  expression"  derived  from 
t lie  Brcit  -Rabi  equation  reproduced  the  experimental  field 
positions  of  the  outer  (A//(CI)  = ±-'/:)  components,  tire  fol- 
lowing results  being  obtained:  o("CI)  = 771  G,  «(’  Cl)  = 
642  G,  u(  l9F)  =■  89  G.  am)  g = 2.0)  5 ± 0.001  It  is  estimat- 
ed that  the  hyperfinc  coupling  constants  are  accurate  to  ± I 
G.  The  ratio  of  «("CI)/«("CI)  is  1.201  ± 0.002.  in  satis- 
factory agreement  with  the  value  of  1.7.015  for  the  "Cl/ 
"Cl  ratio  of  nuclear  g factors.  An  additional  check  on  the 
parameters  was  made  by  calculating  the  field  posiiions  for 
the  A//("CI)  = -I ■ V,  set  of  components,  these  values  agree- 
ing with  the  observed  positions  to  better  than  I G. 

The  spectrum  of  interest  is  assigned  to  the  C 11  y,  radical 
formed  by  fluorine  atom  addition  or  transfer  to  CIFs.  I lie 
most  remarkable  feature  is  the  large  "Cl  coupling  of  771  G 
which  is  more  than  twice  the  value  (288  G)  for  ( II y 7 Since 
an  isotropic  coupling  of  only  82  G has  been  calculated  lor 
complete  occupancy  of  the  chlorine  4s  orbital, Sj  it  is  evident 
that  the  unpaired  electron  in  Clly,  must  populate  the  chlo- 
rine Is  orbital.  In  litis  case  the  coupling  corresponds  to  a 
spin  density  of  0.46.  This  finding  is  consistent  with  the  oc- 
cupation of  the  totally  symmetric  a*ip  orbital  for  a regular 
octahedral  geometry  . Also,  the  interaction  with  six  equiva- 
lent fluorines  accords  with  this  description. 

Although  the  results  conform  to  Oi,  symmetry,  they  do 
not  eliminate  the  possibility  that  OF.,  undergoes  deforma- 
tions similar  to  those  deduced  for  XcF’(,.'a  First,  such  mo- 
tions would  Rad  to  such  a rapid  modulation  of  the  spin  dis- 
tribution that  the  fluorines  would  be  equivalent  on  the  FSR 
time  scale.  Secondly,  the  results  of  Hiickel  MO  calculations 
indicate  that  the  HOMO  of  Xely,  is  stabilized  by  deforma- 
tions from  O,,  to  ( symmetry  when  there  is  a large  contri- 
bution from  the  xenon  5s  orbital  to  this  antibonding  orbi- 
tal.71' Therefore  the  large  spin  density  in  the  chlorine  3s  or- 
bital of  CIF(,  is  quite  compatible  with  a fluctuating  struc- 
ture involving  deformations  to  nonoclahedral  configura- 
tions. 

Finally,  it  is  noteworthy  that  the  lines  of  the  Clly,  spec- 


Figiiff  I.  First-derivative  FSR  spectrum  of  ->  -irrocti.nlcrl  SI  * eont.iining  ('ll 5 at  -l(X<'.  The  center  portion  of  the  spectrum  was  recorded  at  approxi- 
m.urly  lulf  the  gain  in  oriler  to  show  the  outer  quintets  of  the  C IF*  spectrum,  strong  lines  from  Sly  .ire  also  present  in  the  eentcr  region  1 he  line 
positions  for  the  "t  il  * spectrum  arc  indicated  by  the  slick  diagram  and  the  arrows  above  the  spectrum  mark  the  ccntci  lines  of  the  otilei  septets  of 
"(IF* 
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trum  arc  much  broader  than  those  of  the  Cll'j  spectrum  in 
Figure  1.  The  broadening  appears  to  be  uniform  for  the  dif- 
ferent component.,  and  therefore  is  not  attributable  to  a 
modulation  of  the  spin  distribution  (on  the  I SR  time  scale) 
nor  to  anisotropic  broadening  resulting  from  incomplete 
tumbling  of  the  Cll  (,  radical.  It  is  conceivable  that  the 
broadening  is  caused  by  enhanced  spin-  lattice  relaxation 
through  a mechanism  of  spin  orbit  coupling.12  Such  a 
mechanism  might  well  be  operative  if  there  is  a mixing  of 
the  ground  stale  configuration  with  the  orbitally  de- 

generate (a*iP)°  (IN,,)'  excited  state  during  the  course  of 
deformations  about  a mean  of  octahedral  geometry.  A 
pscudo-Jahn  Teller  effect  of  this  type  has  been  discussed2,1 
in  the  analogous  case  of  XcF(l. 
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(9)  The  absence  of  a cehtral  septet  spectrum  with  500-fold  greater  intensi- 
ty rules  out  the  possibility  thal  the  quartet  of  septets  is  duo  to  ’S  (/  = 
*?)  satellites  in  natural  abundance  Also,  the  spectrum  roporled  in  this 
paper  is  clearly  different  from  a weak  spectrum  noted  previously*  for  a 
radical  with  six  equivalent  fluorines  and  thought  to  be  SF<$~.  The  latter 
spectrum  (a(u’F)  — 195  G;  q = 2.006)  possessing  well-resolved  sec- 
ond-order fluorine  splittings  has  been  also  observed  in  our  studies  of  v 
irradiated  SFt.  without  additives 

(10)  (a)  Ft.  W Tessenden  and  R H.  Schuler.  J.  Chom  Phys..  43,  2704 
( 1966).  (b)  R.  VV.  Fessenden.  J Magn.  Re-son  . 1,  277  (1969) 

(11)  J.  A Weil.  J Magn  Roson  . 4,  394  (1971) 

(12)  H.  M.  McConnell.  J.  Chom.  Phys  . 34,  13  (1961) 
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Appendix  III 


ESR  spectrum  end  structure  of  BrF6* 

Kolclu  Nisliikidd,  Firancon  Williams,1  Gleb  Mamantov,  and  Norman 
Smyrl 

/>  n.  ,it  i / (7  nu'-lri.  l’ni\\‘r\iiv  nf  'I ciinc\  Kfu<\\nU-.  /.  mus-  .-  37y/r> 

(Kvwiuvt  H April  1**75) 


Recently,  wo  reported  the  isotropic  E.iK  spectrum  of 
the  OFf,  tactic;!.'  showing  equal  hyperting*  interne  lion 
with  sr.-.  fltioi  iacs  (n10  BO  G)  ..net  an  extremely  large 
chlorine  c>  up, ting  (<735  - 771  G)  corresponding  to  a spin 
density  of  0.45  in  the  3s  orbital  of  the  centra!  atom.  We 
now  describe  similar  studios  designed  to  prep;  re  and 
delect  the  Iteavic  r coi-gcncri  • tadicals  Brl  c.  and  IF#. 

A gaseous  mixture  consisting  of  -5  iiio’d  of  the  halo- 
gen pentafiuorid*'  in  Sl't  v. as  made  up  in  ' v.  ell-passiv- 
ated metal  vacuum  lute,  and  condensed  directly  into  a 
Supras'l  q..  arts*  lube,  i lie  resetting  solid  solution  was 
> irradiated  at  77  K and  the  A-baud  Eb'R  spectra  rc- 
coi'ded  at  ~ 1 O'-  K,  the  technique  being  adapted  from  that 
originally  employed  by  Hess.  iden  and  Schuler.*  The 
magnetic  field  strong! I:  j-,  the  electron  r*  .onance  re- 
gion were  determined  using  a proton  magnetic  resonance 
probe.  Except  fer  the  well-known  signal.;  of  Ur  radicals 
derived  from  the  SF#  host,  ~ no  isotropic  KSR  transi- 
tions were  detected  in  t li  iodine  pentnfluornh.  sample  by 
sweeping  the  magnetic  field  from  zero  to  13  kC. 

As  shown  in  Fig.  1,  a (.roup  of  evenly  spaced  transi- 
tions were  observed  between  fi.  5 and  7.  5 kG  in  the  BrF; 
mixture.  Assuming  that  - 2,  the  rdibrovi  ted  form  ot 
the  spectrum  is  indicative’  ot  a large  bromine  hyperfinc 
interaction  inch  that  only  the  linos  belonging  to  the  tiigh- 
field  quantum  number  .1/,  - 3 2 transitions  of  a bromine 
(/  - 'i/7-  for  Hr  and  slBr)  radical  are  observed,  the  sub- 
structure repre  sent  mg  the  additional  coupling  to  several 
equivalent  lluorines.  A clue  to  die  identity  of  Hie  radi- 
cal is  provided  by  tiie  uniform  50 1 1 G spacing  between 
tin  bread  lines,  this  value  being  almost  identical  to  the 
fluorine  coupling  (8!)  G)  in  Ihe  CIF(,  radical.'  in  addi- 
tion, the  nouhinoininl  intensity  distribution  for  t in • seven 
strong  component.-:  is  an  tinted  for  it  Ihe  sp  clruiii  rep- 
resents a super  imposition  ot  hyperfinc  components  from 
,JHr  and  1 'l3r  sen  i.e  |ec...  it  in  almost  equ  *1  aimndance. 
A-  allow n in  the  slick  dia.  tarn.  .»  satisfactory  rccon- 
slruclinn  * * t!.*  nine  tin**  spectrum  is  obt  lined  by  posi- 
t inning  the  two  1 ; (i : 1 a : 20 : 1 ft : 8 : 1 fluorine  septets 
from  f Ji  l and  1 |lrl'„  so  Hi  it  their  con.  *r  lines  are 


separated  by  twice  the  fluorine  splitting. 

In  order  to  obtain  the  bromine  hyperfinc  couplings, 
the  exact  (Bivit-Rabi)  solution1'  of  the  isotropic  spin 
Hamiltonian  for  h ' and  / ‘ was  used  lo  construct  an 

energy- level  diagram.6  Because  the  bromine  hypv-rf  inn 
in: i ruction  is  comparable  to  the  electron  /.eeman  ener- 
gy. i f 10  two  spin  angular  momentum  vector  a and  I are 
coupled  to  la  nr.  a.  resultant  F • S . I and  the  eigenstates 
arc  specified  by  ihe  !/•',  Mf)  quantum  numbers  where  1 
is  the.  total  angular  momentum  and.  \!t  is  its  z.  compo- 
nent. Thus,  there  are  two  levels  F-2  and  F:  1,  each 
consisting  of  2F  + 1 sublevels  in  a magnetic  field  with 
different  values  of  Mr  -M$  +Mt. 

When  the  zero-field  splitting  (/  y\/2)  n 2/t  (in  MHz) 
exceeds  tlio  microwave  frequency  v,  the  only  transition 
allowed  in  the  high-field  limit  (iU,  --0)  is  that  between 


M,  (Hr)  • 3/2 

’ll..  1.  ISIS  (<1  ■ tram  of  1*1  t ! » I",,  the  I 12.- I) 

III  O.fl'lt*  1 I • , 'I  - \v  «*t  I ' l |i  »f  i .*•  ! I it.  I lit » . 


M « J »•!»(!  *1  <•*  '••••mi  i1  P* , • 1 1 *.  V.  'I  ?’  < i'v*  > 1 'i  Aihips!  1 ^ 
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TAliJiE  I. 
for  lirF*. 

l.SK  transitions  and  hyporfinc  interaction  p; 

tra  meters 

V 

muz 

W.y/2(31Hr)  W.j/jf'lir) 
C G 

a 3,  a 
MHz 

MHz 

MHz 

0121.1 

7211.  1 7022.  1 

12670 

1 1 730 

252 

911S. s 

7211.  It  7022.0 

12G7S 

11  7*1  i 

252 

Calculated 

using  12*|.  (2)  and  g 2.ir. 

) ; values 

obtain  1 

us  ins 

Kq.  (!)  differed  fro::.  t'e.xe  by  ~(i  Mil.  !>ioh  ii-  i • !-.i n ! : ' 
precision  of  the  results, 

Vlmrinc  con;. lie;,  obtained  dire  ctly  from  spectrum  (sec  Pi;,.  1 
and  text). 


the  ! 2,  - 2)  and  12,  - 1}  slates  corresponding  in  Mt 
- — It  is  easily  sl.wn  Hint  the  magnetic  field  at  reso- 
nance 1/../2  *r>  given  exactly  by  Hq.  (1), 


2p'(p'  + ?m)  , 


(1) 


where  e ’ i > + >;  ,.//  2h  and  the  other  symbols  have 

their  usual  conuot  diems.  Assuming  that  the  nuclear 
Zeeman  term  a>vpvM_  /„  'It  is  negligible  compared  lo  v, 
a,  and  .,/*///,  loo,.  (1)  reduces  to 


ee/f.  _ / r 

* '2*\2i  f) 


(2) 


which  allows  u to  be  c thialed  cl.  • i 1!.,  from  a knowledge 
of  //_ j , j , t>,  and  r.  Since  tliet  e is  in  spectrum  from 
brr  min  iso.npes  ii  ,.i  i > .spin,  the  factor  of  UrFt 
cam  )t  be  dctei  mi  .ea  i ■■  i ■■  ■ :!  and  we  have  as- 

sumed the  tale  • ebt  iimv  for  til'. 1 vi/.,  2.015. 


1 he  ooupliti  . constant  t derived  trom  two  sets  of  ex- 
perimental tl  l.\  :■  i v ; it  i-  in  I’a1  It  I,  tie  aw  rage  values 
being  < <5434  *2  G »,  4163  * 2 G,  and  - 80  a 1 G. 

The  ratio  «...  v.,  i . 1.070  - it:  .factory  agreement  with 

p„,/p7,  1.076,  thereby  confirming  the  above  analysis 


and  the  assignment  of  the  spectrum  to  IJrF#.  Employing 
the  magnetic  parameters  calculated  for  the  bromine  4 c 
atomic  orbital,6  these  bromine  coupling  constants  cor- 
respond to  a 4s  spin  density  of  0.54  on  the  central  atom 
which  compares  closely  with  the  value  ol  0.46  obtained 
foi  the  chlorine  3s  orbital  in  CIFc.  ‘ Thus  the  distribu- 
tion of  the  unpaired  electron  between  the  us  orbital  of 
the  central  atom  and  the  fluorine  ligands  is  very  similar 
in  the  two  radicals  and  those  results  are  consistent  with 
the  occupation  of  the  totally  synimeli  it:  orbital  in  Oh 

symmetry.  However,  as  mentioned  previously, 1 these 
retail's  do  not  exclude  the  possibility  of  large  deforma- 
tions about  a me  in  of  octahedral  geometry,  and  the  large 
E3R  linewkUhs  may  be  symptomatic  of  a fluctuating 
structure. 

We  wish  to  thank  Hr.  G.  M.  Bogun  ol  the  Oak  Ridge 
National  I nboratory  lor  a sample  of  HrF5. 
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